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I. Introduction 
Microtubules have been found in all eukaryotes 
examined and are important for a wide range of 
cellular activities such as mitosis, cell shaping, secre- 
tion and motility. Detection and quantitation of 
tubulin, the subunit protein of microtubules, is thus 
of importance in attempts to understand differentia- 
tion processes. 
Microtubules have been described in the mitotic 
apparatus of Dictyostelium discoideum [ 1 ] and it 
has been shown that colchicine will inhibit not only 
growth [2] but also development [3] in this 
organism. A colchicine binding activity in extracts of 
vegetative D. discoideum amoebae has been 
characterised [4] and evidence presented that this is 
caused by tubulin [4]. We report here that 
D. discoideum amoebae contain tubulin remarkably 
similar to that from a tllammalian source, pig brain, 
both in terms of molecular weight of the tubulin 
subunits and conversation of amino acid sequence as 
demonstrated by immunolo~cal cross reactivity. 
2. Methods 
2.1. Growtk of my~~rn~ebue and preparatiorl of higil 
speed super~tant 
Myxamoebae of D. discoideum strain AX 2 were 
grown axenically in HL5 medium containing 86 mM 
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glucose and harvested in the exponential phase of 
growth [5] . In order to prepare cytoplasmic tubulin 
washed cells were suspended in 0.1 mM GTP, 1 mM 
MgClz, 0.24 M sucrose, 0.01 M sodium phosphate, 
pH 6 8, at 2.5 g wet wt/I 0 ml buffer and the suspen- 
sion homogenised with - 40 strokes in a Teflon glass 
homogeniser; cell breakage was greater than 90%. 
The homogenate was centrifuged for 30 min at 
5000 X g and the supernatant then centrifuged at 
100 000 X g for 60 min. 
2.2. Immunological ckaracterisation 
Pig brain tubulin was purified by repeated cycles 
of polymerization and phosphocellulose chromatog- 
raphy [6] , and anti-tubulin antibodies raised by 
repeated injection of pig brain tubulin (0.4 mg 
tubulin in 0.2 ml Freunds complete adjuvant per 
injection) into the footpads of New Zealand rabbits. 
Booster injections were made intravenously in the 
absence of adjuvant. 
Samples of the high speed supernatant from 
D. d~sco~deu~z and known amounts of pig brain 
tubulin were subjected to rocket-imn~unoelectro- 
phoresis using anti-pig brain tubulin in agarose plates 
prepared in 0.02 M barbitol buffer, pH 8.6. Immuno- 
electrophoresis was carried out at - 2-3 V/cm over- 
night in the cold and then after extensive washing to 
remove unprecipitated protein, the plates were 
stained with 0.5% Coomassie brilliant blue in 45% 
ethanol-l 0% acetic acid and destained in 45% 
ethanol-IO% acetic acid. 
2.3. Copolymer~sation with pig brain tubuii~~ 
Aerobacter aerogenes was labelled with 3sS by 
overnight growth in minimal medium supplemented 
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with Naz3’S04, harvested by centrifugation at 
50 000 X g for 30 min, resuspended in 0.03 M 
phosphate buffer, pH 6.4, at 10 A 650 units/ml and 
autoclaved. D. discoideum AX 2 was inoculatedjnto 
the bacterial suspension at lo4 amoebae/ml and 
allowed to grow to 3 X lo6 amoebae/ml in shaking 
culture at 22°C. The cells were washed twice with 
cold distilled water and suspended in ice-cold poly- 
merisation buffer (0.1 M MES, 0.5 mM MgC12,l mM 
EGTA, 1 mM GTP, pH 6.5) to give final cont. 
1.5 X lo8 cells/ml. Cell suspensions were disrupted 
by sonication with a 1 OOW MSE ultrasonic disinte- 
grator (peak-to-peak amplitude 10 PM) for four 
15 s periods with continuous cooling in an ice-salt 
bath. Sonicates were stirred in an ice-bath for 30 min 
and then centrifuged at 100 000 X g for 60 min at 
4°C. High speed supernatant was mixed with an 
excess of purified pig brain tubulin (gift from 
Dr M. Jacobs, MRC Cell Biophysics Unit, London) 
in polymerisation buffer containing phenylmethyl- 
sulfonylfluoride as protease inhibitor and incubated 
at 35°C for 30 min. The polymerised tubulin was 
recovered by centrifugation (100 000 X g for 60 min), 
depolymerised by incubation at 0°C for 30 min, and 
recentrifuged to remove insoluble material. After the 
addition of further pig brain tubulin in polymerisa- 
tion buffer the sample was incubated once more at 
3S”C for 30 min to repolymerise the tub&n which 
was then recovered by centrifugation as above. Pro- 
teins present in the pellets after the first and second 
polymerisation steps were examined by SDS 5-20% 
polyacrylamide gradient gel electrophoresis. The gel 
was stained with Coomassie brilliant blue R-250 for 
photography and then prepared for fluorography by 
the method in [7] . 
3. Results 
A common criterion for tubulin identity is the 
ability of the protein to copolymerise with authentic 
mammalian tubulin [8]. High speed supernatant from 
D. discoideum steady-state labelled with 35S was 
incubated under conditions favourable for tub&n 
polymerisation, in the presence of pig brain tubulin. 
The polymerised material was separated by centri- 
fugation, depolymerised, and allowed to repolymerise 
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once more as described in section 2.3, Examination 
of the protein components was carried out by SDS- 
polyacrylamide gel electrophoresis followed by 
Coomassie brilliant blue staining and fluorography. 
Two D. discoideum proteins with similar molecular 
weights to (Y and P-subunits of pig brain tubulin were 
enriched in the copolymerised sample (fig.ld,e), 
whereas most other proteins had been removed hy 
the polymerisation process. However three additional 
proteins of lower molecular weight were also observed 
after the second copolymerisation step (fig.ld). These 
are possibly degradation products of D. discoideum 
tubulin since, even though a protease inhibitor was 
used throughout these experiments, proteolysis is a 
severe problem in extracts of D. discoideum. 
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Fig. 1. Copo~ymerisation of 35S-IabeJled D. discoideum 
proteins with pig brain tubulin and analysis by SDS-poly- 
acrylamide gel electrophoresis. After one cycle of copoly- 
merisation of 35S-labelled D. discoideum proteins with pig 
brain tubulin the post-100 000 X g supernatant (A) and 
pellet (H) were analyscd on SDS-polyacrylamide gels. The 
latter was taken through a second cycle of copolymerisation 
with pig brain tubulin and high-speed centrifugation to yield 
pellet C. Track D shows the autoradiogram of track C whilst 
track E contains marker cy- and p-subunits of pig brain tubulin. 
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Fig.2. Immunological characterisation of Lz. discoideum 
tubulin. (a) Immunodiffusion pattern obtained after 
incubation of rabbit anti-pig brain tub&n antibody (well I) 
with pig brain tubulin (well 2), D. d~sc~ideu~ 100 000 X g 
supernatant (well 3) and D. d~sco~de~~ 100 000 X g super- 
natant pre-treated with vinblastine (well 4). (b) Rocket 
immunoelectrophoresis [lo] of pig brain tubulin (track 1 = 
100 @g/ml; 2 = 200 pg/ml; 3 = 400 &ml) and D. Liiscoideum 
100 000 X g supernatant (4 = 20 mg protein/ml; S = 10 mg 
protein/ml) in agarose containing 2.5% rabbit anti-pig brain 
tubulln antiserum. Sample size in each case was 5 ~1. 
3.2. Immunological characterisation 
Further evidence for tubulin in D. dis&oide~m 
was provided by immunodiffusion of high speed 
supernatant from L). dis~o~eum against anti-pig 
brain tubulin antibody. Precipitin lines were formed 
when the antigen was either D. discoideum high 
speed supernatant or authentic pig brain tubulin 
(fig.2). Control experiments in which the high speed 
supernatant was preincubated with 2 mM vinblastine 
(to precipitate any tubulin present [9] ) and then 
centrifuged at 10 000 X g for 20 min before immuno- 
diffusion, showed no precipitin lines indicating that 
the immunoprecipitation was due to tubulin in the 
D. discoideum extracts. 
3.3. Cellular content of tubulin 
Standard amounts of pig brain tubulin were sub- 
jected to immunoelectrophoresis according to the 
rocket technique [lo] to define standard curves 
(fig.2b, fig.3) which were used to estimate the amount 
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Pig.3. Standard curves for pig brain tubulin determined by 
rocket irnrnunoelectrophoresis 1 101 using rabbit anti-pig 
brain tubulin antiserum at 3.2 ui/cm* gel (e), 5.1 rl/cm’ gel 
(=) and 7.6 $/cm’ gel (A). Sample volume was 5 ~1 in each 
case and electrophoresis was performed at 2-3 V/cm for 
18hat5”C. 
of cross reacting tubulin in D. discoideum high speed 
supernatant. Repeated determinations on different 
preparations of high speed supernatant from 
D. discoideum AX2 grown in the presence of glucose 
show that 2.3 f 0.4% of high speed supernatant 
protein is tubulin. Given that - 40-50% of the total 
cell protein is usually found in this fraction, tubulin 
accounts for about 1% of the total cell protein of 
vegetative D. disco~eum amoebae. 
4. Discussion 
Tubulin, the subunit protein of microtubules, has 
the property of binding alkaloids such as colchicine 
[ 1 l] and this binding usually interferes with micro- 
tubule function. Whilst colchicine is known to inhibit 
growth in D. discoide~m it is especially interesting 
that this drug also inhibits development at a specific 
morpholo~c~ stage 131. Furthermore, recent 
evidence suggests that at this time a burst of mitosis 
normally occurs [ 121 which is therefore presumably 
of developmental significance. Hence, D. discoideum 
tubulin may play an important role during both 
growth and development in this organism. 
Most tubulins, including pig brain tubulin, exist in 
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a dimer form with mol. wt of 115 000-l 20 000, 
consisting of non-identical Q- and /I-subunits [13-l 7] . 
The copolymerisation experiments reported here 
indicate that D. discoideum tubulin consists of two 
subunits similar in molecular weight to those of pig 
brain tubulin and common to most reported tubulins. 
This is in contrast to the tubulin from another simple 
eukaryote, the fungus Allomyces neomoniliformis, 
which has only a mol. wt 30 000 [ 181 . 
The immunologicalcrossreactivity of D. discoideum 
tubulin against anti-pig brain tubulin antibody suggests 
a significant conservation of amino acid sequence in 
the tub&n of these evolutionary divergent species. 
A similar cross reactivity is observed between anti- 
bodies against sea urchin spermatozoon tubulin and 
that of mammalian sources [ 191 and between anti- 
bodies prepared against the tubulin P-subunit of 
Chlamydomonas reinhardii flagella with pig brain 
tubulin [20] . Furthermore the first 24 amino acids of 
(Y tubulin subunit from chick brain and sea urchin 
flagella are identical while there are 7 conservative 
substitutions in 25 positions of the P-subunit, demon- 
strating a high degree of evolutionary conservation 
[21] . On the basis of the results presented here one 
might expect D. discoideum tubulin to show a similar 
conservancy. 
Three proteins of smaller molecular weight also 
copolymerised with the pig brain tubulin. Although 
proteins other than tubulin are known to be associated 
with tub&n in microtubules (microtubule-associated 
proteins) it is unlikely that these are responsible since 
microtubule associated proteins usually have mol. wt 
> 70 000 [6,22] . Since proteases are extremely active 
in D. discoideum and two cycles of copolymerisation 
require a total of 60 min incubation at 35”C, the 
proteins are more likely to be tubulin degradation 
products even though a protease inhibitor was present 
throughout these experiments. Unfortunately, 
copolymerisation data cannot provide an accurate 
indication of the cellular content of tubulin since it is 
not clear what proportion of D. discoideum tubulin is 
capable of copolymerisation. However, using the 
rocket technique of immunoelectrophoresis [lo] we 
estimate that - 1% of vegetative D. discoideum 
amoeba1 protein is tubulin. This compares reasonably 
with a figure of about O.l-0.3% of the protein as 
tubulin in mammalian liver and 0.4% in sea urchin 
eggs. In more specialised organs such as adult brain, 
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tubulin may represent as much as 25% of the total 
protein [23] . 
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